Early regulatory events in respect to the embryonic development of the vertebrate liver are only poorly defined. A better understanding of the gene network that mediates the formation of hepatocytes from pluripotent embryonic precursor cells may help to establish in vitro protocols for hepatocyte differentiation. Here, we describe our first attempts to make use of early embryonic explants from the amphibian Xenopus laevis in order to address these questions. We have identified several novel embryonic liver and intestine marker genes in a random expression pattern screen with cDNA libraries derived from the embryonic liver anlage and from the adult liver of Xenopus laevis. Based on their embryonic expression characteristics, these genes, together with the previously known ones, can be categorized into four different groups: the liver specific group (LS), the liver and intestine group A (LIA), the liver and intestine group B (LIB), and the intestine specific group (IS). Dissociation of endodermal explants isolated from early neurula stage embryos reveals that all genes in the LIB and IS groups are expressed in a cell-autonomous manner. In contrast, expression of genes in the LS and LIA groups requires cell-cell interactions. The regular temporal expression profile of genes in all four groups is mimicked in ectodermal explants from early embryos, reprogrammed by coinjection of VegT and b-catenin mRNAs. FGF signaling is found to be required for the induction of liver specific marker (LS group) gene expression in the same system. q
Introduction
The endodermal germ layer is derived from cells that locate to the vegetal hemisphere of the early Xenopus embryo (Dale and Slack, 1987) . Single cell transplantation experiments have revealed that vegetal cells are not committed to an endodermal fate until early gastrula stages of development (Heasman et al., 1984; Wylie et al., 1987) . On the molecular level, available experimental evidence supports a two-step model for endoderm formation in Xenopus embryos. In a first step, a vegetally localized maternal determinant, VegT (a T-box transcription factor), promotes endodermal development by cell-autonomously activating endodermal transcription factors as well as Nodal-related signaling molecules at the time of the midblastula transition (MBT). In a second step, cell -cell communication seems to be required for endoderm formation. VegT and Nodal-related signaling molecules cooperate to maintain and further regulate endoderm gene expression during late blastula and gastrula stages of development (Zhang et al., 1998; Clements et al., 1999; Yasuo and Lemaire, 1999; Chang and Hemmati-Brivanlou, 2000; Hyde and Old, 2000; Takahashi et al., 2000; Engleka et al., 2001; Xanthos et al., 2001; reviewed in Stainier, 2002) . As VegT and Nodal-related genes are also known to be necessary and sufficient for mesoderm formation (Zhang et al., 1998; Kofron et al., 1999; Agius et al., 2000) , it seems highly relevant to learn more about the mechanisms underlying the segregation of endoderm from mesoderm. A recent study in Xenopus indicates that VegT mediated activation of Sox17a expression in vegetal cells at the MBT may prevent the vegetal induction of mesodermal genes by Nodal signals and define the vegetal endodermal domain (Engleka et al., 2001) .
It is of special interest to understand the formation of the anterior endomesoderm (AE), a subset of endodermal cells in gastrula stage embryos that will later give rise to the liver primordium and foregut (Keller, 1976; Newman et al., 1997) . The AE is demarcated by expression of both XHex and Cerberus during gastrulation. While Cerberus is only transiently expressed in these cells, XHex expression persists in the liver lineage throughout development (Bouwmeester et al., 1996; Newman et al., 1997; Jones et al., 1999; Zorn et al., 1999; Zorn and Mason, 2001) . It has been shown that a dominant-negative variant of XTcf-3, a nuclear DNA-binding partner of b-catenin, can block endogenous XHex expression. Conversely, overexpression of b-catenin can result in ectopic expression of XHex in ventral endodermal cells (Zorn et al., 1999; Jones et al., 1999) . Thus, the maternal Wnt/b-catenin pathway is likely to play an important role in the AE formation.
A number of studies in different vertebrate model systems suggests that the regional specification of the endoderm relies on the interactions between the endoderm and the neighboring mesoderm (Okada, 1960; Deutsch et al., 2001; Jung et al., 1999; Rawdon, 2001; Roberts et al., 1998; Rossi et al., 2001) . In mice, tissue recombination experiments and gene targeting studies indicate that FGFs and BMPs from cardiac mesoderm and the septum transversum mesenchyme are required in combination with each other in order to allow for hepatogenesis from the ventral foregut endoderm, that would otherwise default to a pancreatic fate (Jung et al., 1999; Deutsch et al., 2001; Rossi et al., 2001 ; reviewed in Zaret, 2001 Zaret, , 2002 .
In Xenopus, early studies had indicated that vegetal explants from late blastula stage embryos autonomously express XlHbox8 (renamed as Pdx-1 in mice), a pancreasspecific transcription factor, as well as the small intestinal fatty acid binding protein (IFABP, a gene mainly expressed in the presumptive small intestine) in the absence of mesoderm (Gamer and Wright, 1995; Henry et al., 1996) . However, a more recent study claims that regional specification of Xenopus endoderm occurs only when there is concurrent formation of mesoderm. The use of inappropriate mesodermal markers is thought to define the reason why the presence of mesoderm in the vegetal explants had not been detected in the earlier studies (Horb and Slack, 2001) .
The lack of good regional molecular markers for the endoderm has hampered more systematic studies on endoderm specification and differentiation. Recently, embryonic expression patterns of some known Xenopus liver and gut epithelium marker genes have been described (Chalmers et al., 2000; Zorn and Mason, 2001) . It has been noticed that most of the known liver differentiation marker genes show widespread expression in embryonic intestine at day 3 of development (Zorn and Mason, 2001) .
In this study, we report on the isolation of novel liver and intestine marker genes in Xenopus. Based on their embryonic expression patterns, these genes can be categorized into four groups: the liver specific group (LS), the liver and intestine group A (LIA), the liver and intestine group B (LIB), and the intestine specific group (IS). Upon dissociation of endoderm explants isolated from early neurula stage embryos, we find that all genes in the LIB and IS groups are expressed in a cell-autonomous manner in endodermal cells. In contrast, expression of genes in the LS and LIA groups requires cell -cell interactions. To further address the regulation of hepatic gene expression during early development, we made use of the animal cap assay. The results obtained indicate that VegT and b-catenin are sufficient to program animal cap cells to express genes of all four groups in a way temporally similar to normal embryos. Moreover, FGF signaling is found to be required for the induction of liver specific marker gene expression in Xenopus.
Results

Liver and intestine specific genes define four distinct synexpression groups
We have systematically compared the expression characteristics of known and novel marker genes for embryonic endoderm development in Xenopus. The newly identified clones come from a random expression pattern screen of more than 1500 clones derived from various embryonic cDNA libraries and from an adult liver cDNA library (Table 1) . According to their expression characteristics, these genes can be categorized into four groups: the liver specific group (LS), the liver and intestine group A (LIA), the liver and intestine group B (LIB), and the intestine specific group (IS).
Genes in the LS group include XPTB, XHex and albumin. XPTB, encoding a polypeptide with 310 residues in length and containing a phosphotyrosine binding domain, is exclusively expressed in the liver diverticulum region of tailbud stage embryos (Fig. 1a) . The expression patterns of XHex and albumin have been described previously (Newman et al., 1997; Zorn and Mason, 2001) . While albumin seems to be liver specific, XHex is also expressed in the thyroid precursors and in endothelial cells at tailbud stages of development (Newman et al., 1997) .
As previously noticed (Zorn and Mason, 2001) , many of the known marker genes for liver development exhibit a widespread expression in the intestine at late tailbud and early tadpole stages of development. A closer inspection of the expression patterns of these genes allows a further subdivision into two groups: the liver and intestine group A (LIA) and the liver and intestine group B (LIB). The major difference between these two groups is that, at tailbud stage of development, genes in the LIA group are only expressed in the intestine but not in the liver diverticulum, whereas genes in the LIB group are expressed in both regions at the same stage of development (Fig. 1d, g, j, m) . Genes in the LIA group are 3H12 (Fig. 1d-f ) and transthyretin (Zorn and Mason, 2001 ). The 3H12 clone contains a 660 base pair long cDNA fragment from the 3 0 -untranslated region; the molecular identity of the protein encoded by the corresponding mRNA is not revealed. The LIB group includes 3B6 (Fig. 1g-i) , SRBP ( Fig. 1m -o) , Cyl104 ( Fig. 1j -l) , fibrinogen a, b and g (Zorn and Mason, 2001 and data not shown), AMBP (Zorn and Mason, 2001 ) and endodermin Chalmers and Slack, 1998) . 3B6 encodes a putative histidine-rich protein. Cyl104 is a partial cDNA clone that encodes a CCP domain (a domain abundant in complement control protein). As fibrinogen a, b and g exhibit identical expression patterns, fibrinogen a is chosen to serve as a representative example in this study.
The last category is the intestine specific group, which is mainly expressed in the presumptive small intestine of tailbud and tadpole stage embryos, but not in the liver. Members of the IS group are Cyl18, a novel cDNA that encodes a putative peptidase (Fig. 1s-u) and IFABP (Shi and Hayes, 1994; Chalmers and Slack, 1998) .
Cell-autonomous expression of LIB and IS group genes in embryonic endoderm
The differential expression of endodermal marker genes raises the question as to how they might be regulated. We first asked if these genes are expressed in endoderm explants. A recent study has suggested that the traditional vegetal explants isolated from late blastula or early gastrula stage embryos do contain mesoderm; a new technique was developed that allows isolation of mesoderm-free, pure endoderm from early neurula to tailbud stage embryos (Horb and Slack, 2001) . Surprisingly, all four groups of liver and intestine marker genes are expressed in these late endoderm explants (Fig. 2, EE) . Interestingly, XlHbox8 and IFABP, which were not detected by Horb and Slack (2001) , are also found to be transcriptionally active in our experiments. We also tested the same four mesoderm marker genes that were used to control for mesoderm contamination in the endoderm explants by Horb and Slack (2001) . FoxF1, a whole gut mesoderm marker, Nkx2.5, a marker for mesoderm surrounding the duodenum and XTbx5, a lateral mesoderm marker, were not expressed in endoderm explants from four independent preparations (data not shown). However, XFog, a ventral mesodermal marker gene, was reproducibly expressed in our endoderm explants (Fig. 2) , suggesting that they contain at least some mesodermal cells of ventral character.
If the expression of all the liver and intestine marker genes is due to signaling events between the endodermal cells themselves or between endodermal and contaminating mesodermal cells, their expression should be negatively affected when cell -cell interactions are blocked by dissociation of the endoderm explants. To test this, we isolated the endoderm explants at stage 14 and immediately dissociated the explants in a Ca 2þ -and Mg 2þ -free medium. In order to define the efficiency of the dissociation, control embryos were dissociated already at the two-cell stage using the same medium. A second control was to keep the whole two-cell stage embryos in the same Ca 2þ -and Mg 2þ -free medium without removing the vitelline membrane. A similar protocol had been used previously (Sargent et al., 1986) . All the samples were collected when control siblings had reached stage 39 and gene expression was analyzed by RT-PCR.
Interestingly, representative genes of two different liver/intestine expression groups were not expressed in the dissociated endoderm explants. The dissociation blocks expression of all members of the LS group and of the LIA AL, adult liver; AMBP, a1-microglobulin/bikunin precursor; ELD, embryonic liver diverticulum; IS, intestine specific; LIA, liver and intestine group A; LIB, liver and intestine group B; LS, liver specific; OVC, oocyte vegetal cortex; SRBP, serum retinol binding protein; TTR, transthyretin; XPTB, Xenopus phosphotyrosine binding protein. Fig. 1 . Embryonic expression characteristics define four distinct groups of liver and intestine marker genes. Embryos were staged according to Nieuwkoop and Faber (1967) . Digoxigenin-labeled antisense RNAs of XPTB, 3H12, 3B6, Cyl104, SRBP and Cyl18 were used for whole-mount in situ hybridization. Three embryonic stages were chosen to illustrate the spatial and temporal expression characteristics of liver and intestine marker genes. Genes expressed in the liver diverticulum region are clearly detected at stage 34. Stage 44 is the best developmental stage to simultaneously reveal expression in the gall bladder, liver, pancreas, duodenum and intestine in a ventral view of the embryo. Stage 46 is chosen to show that many genes, which are earlier expressed in both liver and intestine, are now restricted to the embryonic liver. (a -c) XPTB expression (the LS group): Specific expression in liver diverticulum is observed in stage 34 embryo (a). A very weak expression of XPTB is detected in the liver and gall bladder buds at stage 44 of development (b). During further development, it is hard to detect the expression of this gene by whole-mount in situ hybridization (c). (d-f) 3H12 expression (the LIA group): at tailbud stage of development, a weak expression is observed only in the intestine (d). A strong expression domain appears in the liver and gall bladder at stage 44 of development (e). The strong expression in liver and gall bladder is maintained, however, the weak expression in the intestine is no longer detectable at stage 46 of development (f). (g-o) expression of 3B6, Cyl104 and SRBP (the LIB group): These genes are expressed in both the liver diverticulum and the intestine at tailbud stage of development (g,j,m). Their expression is restricted to the liver at stage 46 of development (i,l,o) . (p-r) Cyl18 expression (the IS group): At tailbud stages of development, it is expressed in the whole mid-and hindgut, but not in the foregut (p). At stage 44, strong signals are seen in the whole intestine, but no signals are detected in the foregut derivatives, such as the oesophagus, stomach, liver, gall bladder, lung, pancreas and duodenum (q). During subsequent development, expression levels drastically decrease (r). Abbreviations: gb, gall bladder; la, liver anlage; lv, embryonic liver.
group, such as albumin, XHex, 3H12 and transthyretin (Fig.  2) . The mesoderm marker XFog and two pancreas marker genes, XlHbox8 and insulin, were also sensitive to dissociation (Fig. 2) . In contrast, the expression of all the members of the LIB group and the IS group, such as 3B6, fibrinogen a, AMBP, Cyl104, SRBP, endodermin, IFABP, and Cyl18, was maintained in the dissociated cells (Fig. 2) .
In the cells dispersed at the two-cell stage, the expression level of housekeeping genes such as EF1-a (Fig. 2) , histone H4, and ornithine decarboxylase (ODC, data not shown) was not affected, whereas not a single one of the endodermal or mesodermal marker genes that we have analyzed was found to be expressed (Fig. 2) . This suggests that, in agreement with previous studies (Yasuo and Lemaire, 1999; Chang and Hemmati-Brivanlou, 2000) , early dissociation blocks the early process of endoderm and mesoderm formation. In consequence, there is no late expression of endoderm and mesoderm differentiation markers. In the case of dissociated embryos being kept within the vitelline membrane, the blastocoel does not form. Gastrulation movements are completely blocked. In consequence, hatching is also inhibited and a ball-like structure of cells remains within the vitelline membrane. However, cell cycle activities were not evidently affected (data not shown). Moreover, these cells underwent a certain extent of differentiation. Not only were the housekeeping genes EF1-a (Fig. 2) , histone H4 and ODC (data not shown) expressed in these cells at a normal level, but all the genes in the LIB and IS groups and the mesoderm marker gene, XFog, were also expressed at nearly normal levels (Fig. 2) . These results indicate that in the Ca 2þ -and Mg 2þ -free medium, cell -cell communication did happen when the cells were kept in contact with each other. Thus, endoderm and mesoderm formation, as well as their specification, has occurred, as judged on the basis of marker gene expression. On the other hand, these cells did not express albumin, 3H12, and insulin. One explanation is that the expression of these three genes requires cell -cell interactions between specific cell populations that cannot occur upon inhibition of gastrulation movements.
In summary, the main conclusion from these experiments is that, after endoderm formation, endodermal cells can autonomously express genes of the LIB and IS groups, but continuous and specific cell -cell interactions are required for the expression of the LS and LIA group genes.
The normal temporal expression profile of the liver and intestine marker genes is mimicked in animal cap cells upon co-injection of VegT and b-catenin mRNAs
To further analyze the regulation of liver and intestine marker gene expression, we asked how the expression of these genes can be activated in ectodermal explants. It has been proposed that the anterior endomesoderm is likely to be specified by the combined action of dorsal Wnt/b-catenin signals and by endoderm-specific factors operating via the TGF-b signaling pathway (Zorn et al., 1999) . It has also been shown that b-catenin acts synergistically with VegT in order to regulate the expression of the TGFb type signaling molecules, Xnr5 and Xnr6 in the presumptive dorsal endoderm of late blastula stage embryos (Takahashi et al., 2000). Furthermore, b-catenin can also synergize with VegT to induce Xnr1, 2 and 4 expression in animal caps (Agius et al., 2000) . Therefore, we chose to test VegT and b-catenin in the animal cap assay in respect to their ability to activate our sets of liver and intestine specific genes.
Interestingly, it is not only that all four groups of liver and intestine marker genes were activated in animal cap cells upon co-injection of VegT and b-catenin mRNAs, but their temporal expression pattern as compared to normal embryos was also, at least in principle, reproduced (Fig. 3) . The temporal expression characteristics of Xbra were also quite similar in the injected animal cap cells, as compared to normal embryos (Fig. 3) . Furthermore, FoxF1, XFog, as well as cardiac actin, a late marker for differentiated mesoderm, were also activated in the VegT/b-catenin injected caps (data not shown). These data indicate that the liver and intestine marker genes were induced by VegT and b-catenin in the presence of mesoderm. In addition, several transcription factors, such as Mixer, HNF3b and GATA6, which represent regulators for endoderm and liver development, were expressed in a corresponding manner. In contrast, the pancreas marker gene insulin was not activated in animal cap cells injected with VegT and b-catenin, even though XlHbox8 was induced. We also performed coinjection of VegT and Siamois, one of the direct target genes of b-catenin, or different combinations of different early endodermal transcription factors, such as Bix1, Bix4, Mixer, HNF3b and GATA6 with eFGF (data not shown). Several of the liver and intestine marker genes were indeed induced under these conditions, but a combination of VegT and bcatenin was found to be most effective. Notably, the reproduction of the normal temporal expression profile of the four groups of the liver and intestine marker genes in animal caps is unique to VegT/b-catenin co-injection and cannot be achieved under any other condition tested.
Whole-mount in situ hybridization analyses of the VegT and b-catenin injected animal caps reveal that only discrete patches or clusters of cells express liver and intestine marker genes (Fig. 4B, D) . On the other hand, lineage tracer expression indicates that the injected nuclear b-galactosidase-encoding RNA was quite uniformly distributed in the isolated animal caps (Fig. 4E, F) . It is not clear how exactly VegT and b-catenin orchestrate the expression of the liver and intestine markers in subdomains of the animal cap explants; however, the expression pattern observed seems indicative of auto-/paracrine signaling loops that may be involved in the promotion of the liver-/intestine-specific programs of gene activity.
FGF signaling is required for liver differentiation
The cell dissociation experiments described above reveal that cell -cell communication is required for the expression of genes in the LS and LIA groups. The next issue is to define the specific signaling pathways that are involved in the expression of these genes. In mice, it has been shown that FGF signaling from the cardiac mesoderm diverts the ventral foregut endoderm to express liver marker genes, such as albumin, instead of pancreas marker genes, like Pdx1 (Jung et al., 1999; Deutsch et al., 2001; Rossi et al., 2001) . Using a dominant negative form of the frog FGF receptor, XFD (Amaya et al., 1991) , which blocks FGF signaling activities, we addressed if FGF signaling is similarly required for the expression of the liver marker genes in VegT and b-catenin injected animal caps. The results obtained indicate that, indeed, induction of albumin Fig. 3 . Overexpression of VegT and b-catenin in animal caps recapitulates the regular temporal expression profile of the four groups of liver and intestine marker genes. Normal embryos, control uninjected caps, and VegT (500 pg/embryo) and b-catenin (200 pg/embryo) co-injected caps were collected at different stages and used for RT-PCR analyses. Embryos were staged according to Nieuwkoop and Faber (1967) . The temporal expression profile of representative members for the four groups of liver and intestine markers (albumin, transthyretin, fibrinogen a, AMBP, 3B6, and Cyl18), of endoderm-specific transcription factors (Mixer, GATA6, and HNF3b), as well as of one pancreas marker (XlHbox8) and one pan-mesoderm marker (Xbra) was analyzed in normal embryos (left panel), control caps (middle) and in VegT/b-catenin injected animal caps (right panel). Histone H4 was used as an RNA loading control. gene transcription by VegT and b-catenin is blocked upon co-injection of XFD (Fig. 5A) . However, in contrast to the studies in mice mentioned above, FGF signaling also seems to be required for the expression of the pancreas marker gene, XlHbox8, the Xenopus homologue of Pdx1 (Fig. 5A) .
XFD mediated inhibition of expression of two endodermal transcription factors, GATA6 and HNF3b, was observed in the VegT and b-catenin injected caps both at early and at late stages of embryogenesis (Fig. 5A, B) . In contrast, the inhibition of XHex expression was only observed at late stage but not at early stage (Fig. 5A, B) . The activity of the XFD construct was confirmed by the complete loss of the pan-mesodermal marker Xbra in VegT/ b-catenin injected caps; similar activities had been reported previously (Isaacs et al., 1994 ; Schulte-Merker and Smith, 1995). 3H12 expression was only slightly decreased upon co-injection of XFD, and no alteration of transthyretin expression was observed under the same conditions (Fig.  5A ). This implies that signaling pathways other than the ones induced by FGF are required for the expression of genes in the LIA group. As it was to be expected, no influence of XFD on the expression of the cell-autonomously regulated genes in the LIB and IS groups was observed in this assay (Fig. 5A) . Consistently, a previous study had shown that XFD did not have any influence on the induction of endodermin expression in animal caps by chordin . In summary, we find that FGF signaling is required for the expression of liver specific marker genes, but not for the expression of genes that are expressed in both liver and intestine. FGF signaling also seems to be required for the induction of GATA6 and HNF3b expression in the Xenopus animal cap system.
Discussion
In this study, we define four groups of liver and intestine marker genes on the basis of their differential expression patterns in Xenopus embryos. After gastrulation, genes in the LIB (liver and intestine group B) and the IS (intestine specific) groups are expressed in endodermal cells in a cellautonomous manner, whereas the expression of genes in the LS (liver specific) and the LIA (liver and intestine group A) groups requires intercellular signaling activities. Our data indicate that FGF signaling is required for the expression of the LS group genes. signaling pathways required for the LIA group genes remain to be defined.
Embryonic liver-specific marker genes in Xenopus
In agreement with the findings from a recent study (Zorn and Mason, 2001 ), many genes that are enriched in the adult liver, such as genes of the LIA and LIB groups, show a widespread pattern of expression in embryonic intestine at late tailbud and early tadpole stages of development. After stage 46, expression of most of these genes is restricted to the liver bud but not detected in other organs of the gastrointestinal tract. Early studies in rats had revealed that, during embryonic development, the adult liver-specific ammonia-metabolizing enzymes carbamoylphosphate synthetase, glutamine synthetase and glutamate dehydrogenase are also transiently expressed outside of the embryonic liver, in the epithelial lining of intestine and other organs (Moorman et al., 1990a) . Besides their expression in embryonic liver, murine alpha-fetoprotein and transthyretin are also detected throughout the undifferentiated gut endoderm (Gualdi et al., 1996; Jung et al., 1999; Moorman et al., 1990b; Rossi et al., 2001) . These data suggest that transient widespread expression of many liver marker genes in developing intestine is a common phenomenon during vertebrate embryogenesis.
Only albumin shows hepatocyte-specific expression and has been used as a more specific liver differentiation marker to illustrate induction of liver specific gene activity in mice (Gualdi et al., 1996; Jung et al., 1999; Rossi et al., 2001 ). In agreement with this, albumin is found to represent a highly liver-specific differentiation marker gene in Xenopus, as revealed by whole-mount in situ hybridization (Zorn and Mason, 2001 and our own unpublished data). In addition, we have identified a novel Xenopus liver-specific marker gene, XPTB, that is specifically expressed in the liver diverticulum at tailbud stages of development.
Regional specification of endoderm into liver and intestine fates occurs as early as during gastrulation
The principle finding of this study is that, after gastrulation (stage 14), endodermal precursor cells express liver and intestine marker genes (genes in the LIB and IS groups) in a cell-autonomous manner. Recent studies have concluded that the time of regional specification in the Xenopus endoderm is between stages 28 and 32 (Horb and Slack, 2001; Zeynali and Dixon, 1998; Zeynali et al., 2000) . Endodermin is expressed throughout the whole endoderm during early development and is commonly accepted as a pan-endodermal marker . However, during late phases of development (by stage 48), endodermin expression becomes restricted to the liver (Chalmers and Slack, 1998; Zorn and Mason, 2001) . As the expression pattern of endodermin at late tailbud and tadpole stages of development is quite similar to that of the other members of the LIB group, we assign endodermin to the LIB group. In agreement with the earlier study (Horb and Slack, 2001 ), our findings also indicate that endodermin is, similar to all other members of the LIB group, expressed cell-autonomously in the endoderm explants isolated at stage 14. The other LIB genes, in difference to endodermin, are obviously not pan-endodermal markers, since they are preferentially expressed in the developing liver diverticulum and intestine, and they are not expressed in the foregut endoderm regions that will give rise to pancreas and duodenum. This suggests that the endoderm is already regionally specified as early as during gastrulation. Furthermore, our experimental findings also indicate that the small intestine marker, IFABP and the novel intestine marker Cyl18 are equally expressed in a cellautonomous manner in endoderm explants isolated at stage 14. In contrast, the expression of genes in the LS and LIA groups requires further signaling activities after gastrulation. We conclude that a stable regional specification of endoderm into liver and intestine fates must have occurred as early as during gastrulation in Xenopus embryos.
FGF signaling and liver versus pancreas specification
In mice, it has been reported that liver and ventral pancreas are derived from common bipotential precursor cells in the ventral foregut endoderm (Deutsch et al., 2001 ).
The default fate of the ventral foregut endoderm is to activate the pancreas gene program. FGF signaling molecules from cardiac mesoderm divert this endoderm to a liver fate instead of a pancreas fate. Application of 5 ng/ml FGF2 to ventral foregut endoderm explants from 2-to 6-somite stage embryos leads to the inhibition of Pdx1 expression and induction of albumin mRNA expression (Jung et al., 1999; Deutsch et al., 2001; Rossi et al., 2001) . In contrast, isolated dorsal endoderm from mouse and chicken embryos fails to adopt a default pancreatic fate (Kim et al., 1997; Detusch et al., 2001) . A low level of FGF2 (1 ng/ml) suppresses endodermal expression of Shh and Ptc, thereby permitting expression of pancreas genes including Pdx1 and insulin in endoderm explants from chicken embryos containing the anlage of the dorsal pancreatic bud, whereas higher concentrations (10 -50 ng/ml) of FGF2 cause the opposite effect (Hebrok et al., 1998) . Taken together, it seems that low levels of FGF signaling are required for dorsal pancreas development, whereas no FGF signaling is required for ventral pancreas development. Excess FGF signaling causes inhibition of pancreas marker gene expression.
In Xenopus, Gamer and Wright (1995) found that 50 ng/ ml bFGF (FGF2) effectively repressed XlHbox8 expression in vegetal pole explants, while 1 -15 ng/ml concentrations barely reduced the XlHbox8 mRNA levels. The authors proposed that a low concentration of bFGF is required for proper endoderm patterning in Xenopus embryos. In a subsequent study, it has been shown that blocking FGF signaling upon injection of XFD RNA into vegetal pole of early Xenopus embryos inhibits XlHbox8 expression in vegetal explants derived from such embryos (Henry et al., 1996) . In agreement with this, our data indicate that XFD inhibits the induction of XlHbox8 by VegT and b-catenin in the animal cap assay. In the same assay, we find that FGF signaling is also required for albumin, GATA6 and HNF3b expression and for the maintenance of XHex expression, since XHex is expressed in the VegT and b-catenin injected animal caps in the presence of XFD at stage 12, but not at later stages. Taken together, we assume that critical threshold levels of FGF signaling are required for the induction of pancreas and liver development also in Xenopus embryos.
Experimental procedures
Embryos and embryological dissections
Wild type and albino Xenopus laevis embryos were obtained by hormone-induced egg laying and in vitro fertilization using standard methods. Staging was according to the table of normal development (Nieuwkoop and Faber, 1967) . Endoderm explants were prepared as described (Horb and Slack, 2001) . In cell-dissociation experiments, endoderm explants and embryos that were manually demembranated at the two-cell stage were kept in a calcium and magnesium free medium (88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3 , 7.5 mM Tris -HCl, pH 7.6; Peng, 1991) . In order to disrupt cell -cell communication due to the occasional formation of direct cell -cell contacts, the culture dishes were periodically agitated and cells were redispersed as described previously (Lemaire and Gurdon, 1994) . When cells were cultured for several days, the culture medium was also exchanged.
Isolation of liver marker genes
A Xenopus adult liver ZAP Express phage cDNA library and a Xenopus embryonic liver diverticulum (microdissected from stage 28 -30 embryos) plasmid cDNA library in pCS2 þ vector (Turner and Weintraub, 1994) were prepared according to standard procedures. Part of the phage cDNA library was converted into a plasmid library by in vivo excision of the pBK-CMV phagemid from the ZAP Express vector following the protocol provided by the manufacturer (Stratagene). A large-scale whole-mount in situ hybridization method was used for screening these plasmid libraries (Hollemann et al., 1999) . Briefly, single colonies were grown in 96-well miniplates. Fluoresceinlabeled antisense RNA probes were transcribed from templates obtained by PCR amplification of the insert region from single colonies. Four sets of a special 24-well device for simultaneous in situ hybridization were used per round (Hollemann et al., 1999) . Colonies with a suggestive expression pattern were sequenced and matched with the DDBJ/EMBL/GenBank sequence information.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was done in principle as described (Harland, 1991) with modifications as reported in Hollemann et al. (1999) . For the tadpole stage embryos (stage 44 -47), proteinase K treatment was carried out at 378C for 35 min. The cDNA inserts of XPTB, 3H12, 3B6, Cyl104, and Cyl18 in pBK-CMV vector were amplified by PCR with a pair of primers in the vector (forward: 5 0 -CGCGCCTGCAGGTCGACACTA-3 0 and reverse: 5 0 -GCAAGGCGATTAAGTTGGGTA-3 0 ). Since the reverse primer is downstream of the T7 promoter in the vector, the PCR products were directly applied to the in vitro transcription reaction to prepare antisense RNA probes using digoxigenin RNA-labeling mix (Roche) and T7 RNA polymerase. Partial cDNA fragments of SRBP were amplified by RT-PCR with total RNA from stage 38 embryos. A SP6 promoter was attached to the reverse primer and the sequences of the primers are as follows: forward: 5 0 -CTTGTGAAAGAAGATGGAGAG-3 0 and reverse: 5 0 -CATACGATTTAGGTGACACTATAGGTTT-GTTTCACAGTAACCATTGTG-3 0 . Antisense RNA was transcribed from the RT-PCR products by use of SP6 RNA polymerase.
RNA injection and animal cap explants
For the animal cap assay, embryos were injected at the two-cell stage into the animal pole of both blastomeres with synthetic mRNAs. Human b-catenin (Behrens et al., 1996) , VegT (Zhang and King, 1996) , and XFD (Amaya et al., 1991) capped mRNAs were transcribed in vitro with the SP6 mMESSAGE mMACHINEe Kit (Ambion) from plasmids linearized with Sal1, Not1, and EcoR1, respectively. Animal caps were dissected from stage 9 embryos, cultured in 0.5X MBS and harvested for further RT-PCR or wholemount in situ hybridization analysis when control siblings had reached at the desired stages. In some cases, 50 pg of bgalactosidase-encoding RNA (Chitnis et al., 1995) was either injected by itself or along with VegT and b-catenin, serving as a lineage tracer to reveal the distribution of injected RNA in animal cap cells.
RT-PCR
Total RNA from whole embryos, endoderm explants and animal caps was isolated by use of the RNeasy kit, including a one-step DNase I treatment directly on the membrane (Qiagen). All RNA samples were checked with 35 cycles of histone H4 specific PCR reaction for DNA contamination. RT-PCR was carried out using the Gene Amp RNA PCR core kit (Perkin -Elmer). The sequences of primers used in the PCR reactions and cycle numbers are listed below: Xenopus histone H4 (24 cycles), forward: 5 0 -CGGGATAA-CATTCAGGGTATCACT-3 0 and reverse: 5 0 -ATC-CATGGCGGTAACTGTCTTCCT-3 0 (Niehrs et al., 1994) ; EF1alpha (24 cycles), forward: 5 0 -CAGATTGGTGCTG-GATATGC-3 0 and reverse: 5 0 -ACTGCCTTGATGACTCC-TAG (Henry et al., 1996) ; XHex (30 0 cycles), forward: 5 0 -GGTTCCAGAACAGAAGAG-3 0 and reverse: 5 0 -CCTTTGTCGCCTTCAATG-3 0 ; IFABP (32 cycles), forward: 5 0 -CTGGTTCCTACAGGAC-3 0 and reverse: 5 0 -GTATGCCCAATGTGCC-3 0 (Henry et al., 1996) ; XlHbox8 (32 cycles), forward: 5 0 -AATCCACCAAATCC-CACACCT-3 0 and reverse: 5 0 -GCCTCAGCGACCCAA-TAGAA-3 0 ; insulin (32 cycles), forward: 5 0 -ATGGCTC-TATGGATGCAGTG-3 0 and reverse: 5 0 -AGAGAA-CATGTGCTGTGGCA-3 0 (Henry et al., 1996) ; endodermin (28 cycles), forward: 5 0 -TATTCTGACTCCT-GAAGGTG-3 0 and reverse: 5 0 -GAGAACTGCC-CATGTGCCTC-3 0 
